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Abstract 9 

The nucleation and transformation of L12-Al3Zr and DO22-(Al,Si)3Zr dispersoids in Al-Mg-Si 10 

6xxx alloys were studied using interrupted quenching and transmission electron microscopy. 11 

Spherical L12-Al3Zr dispersoids precipitated preferentially along <001>Al in early stages of 12 

nucleation, coinciding with the same sites and orientation of β' precipitates that dissolved during 13 

heating. Two nucleation mechanisms were suggested to explain this preferable precipitation. At a 14 

relatively low heat treatment temperature (400 °C), the L12-Al3Zr dispersoids were predominant, 15 

and no transformation occurred. With further increase in temperature to 550 °C, the L12-Al3Zr 16 

dispersoids started to transform into DO22-(Al,Si)3Zr. At high temperatures, elongated DO22-17 

(Al,Si)3Zr dispersoids, which were formed through the transformation of pre-existing L12 18 

dispersoids rather than the direct precipitation from the supersaturated aluminum solid solution, 19 

became the dominant phase.  20 
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Introduction  1 

Microalloying Zr in aluminum alloys is widely used to control the grain structure, improve 2 

recrystallization resistance, and enhance mechanical properties and corrosion resistance [1-5]. 3 

Such effects are achieved via the precipitation of nano-sized Zr-bearing dispersoids. Owing to the 4 

low solubility of Zr in α-Al, Zr supersaturation in the solid solution can be obtained during 5 

solidification, providing the driving force for the precipitation of Zr-bearing dispersoids during the 6 

subsequent heat treatment. Zr exhibits extremely low diffusivity in the aluminum matrix, thereby 7 

improving the thermal stability and coarsening resistance of the formed dispersoids [6, 7]. 8 

However, the precipitation behavior of such dispersoids can be affected by other alloying elements 9 

and heat treatment parameters.  10 

The decomposition of the supersaturated solid solution during heat treatment results in the 11 

initial formation of nanoscale L12-Al3Zr dispersoids [8]. However, the nucleation of L12-Al3Zr 12 

dispersoids is considerably affected by the local supersaturation level. For instance, high 13 

precipitation rates are observed in the interiors of dendrite cells/grains owing to the large Zr 14 

concentration as a result of Zr segregation during solidification [9]. By contrast, a significantly 15 

lower concentration of Zr is found in the interdendritic regions, resulting in weaker precipitation 16 

[10]. In addition, other alloying elements can affect the nucleation of Zr-bearing dispersoids. For 17 

instance, Cu and Zn reportedly accelerate the precipitation of Al3Zr via CuAl2 in Al-Cu-Zr alloys 18 

[11, 12], and MgZn2 precipitates in Al-Mg-Zr alloys [11, 12], acting as nucleation sites. Si 19 

significantly promotes the precipitation of Zr-bearing dispersoids through Si-vacancy clusters that 20 

act as heterogeneous sites for such dispersoids [13]. Moreover, Si improves the diffusion kinetics 21 

of Zr in the aluminum matrix, thus reducing the peak-aging time of Zr-bearing dispersoids [14]. 22 
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Zr-bearing dispersoids can exist in different crystal structures depending on the heat treatment 1 

condition. At relatively low temperatures (300 °C to 450 °C), high-symmetry cubic L12-Al3Zr 2 

dispersoids with spherical morphology and small size commonly precipitate. Such type of 3 

dispersoids exhibits a coherent interface with the matrix owing to their good mismatch with the 4 

aluminum matrix [15]. This metastable L12-Al3Zr can eventually transform to tetragonal structure 5 

phases (DO22 or DO23) at high temperatures (exceeding 500 °C) [6, 16]. Although the incoherent 6 

DO23 with elongated morphology is the most stable phase that typically exists at high temperatures, 7 

the semi-coherent DO22 precipitates instead of DO23 when the alloy contains a considerable 8 

amount of Si [17]. It has been reported that Si stabilizes DO22 by promoting the phase 9 

transformation from L12 to DO22. This transformation occurs by substituting Al with a small 10 

amount of Si and changing the structure of L12 to DO22 instead of the stable DO23. The stability of 11 

L12 is affected by the addition of Si through decreasing the stacking fault energy of L12, which 12 

subsequently lowers the barrier for the transformation to DO22 [18]. 13 

Our previous work [19] reported that Al-Mg-Si 6xxx alloys with various Si levels contained 14 

two types of Zr-bearing dispersoids, namely L12 and DO22 dispersoids, which can affect the 15 

deformed grain structure and recrystallization resistance. However, the precipitation behavior of 16 

these dispersoids, including their nucleation and transformation during homogenization, has not 17 

been well understood yet. Through the use of Zr-containing 6xxx model alloys, this work aims to 18 

investigate the precipitation behavior of Zr-bearing dispersoids during heat treatment, particularly 19 

their nucleation and transformation mechanisms. Alloy samples were subjected to interrupted 20 

quenching in water at different temperatures and times during heat treatment (homogenization) 21 

process. The evolution of the dispersoids was subsequently investigated using transmission 22 

electron microscopy (TEM) to better understand their nucleation and transformation.  23 
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Results and discussion 1 

The nucleation of L12 dispersoids 2 

Figure 1 shows the bright-field TEM images of the H-Si alloy samples quenched at 200 °C, 3 

300 °C, and 400 °C during the heating ramp from ambient temperature to 400 °C. The H-Si alloy 4 

contains 0.99 wt.% Si and a Mg/Si ratio of ~1. When the samples were heated to 200 °C, numerous 5 

fine needle-shaped MgSi precipitates with dimensions of 5 ± 0.8 nm in diameter and 35 ± 8 nm in 6 

length (Fig. 1a) appeared along <001>Al. The small black dots (arrowed) are the cross-sections of 7 

these precipitates. The corresponding selected area diffraction pattern (SADP, see the inset in Fig. 8 

1a) showed cross-shaped streaks along <001>Al directions. Based on their morphology, size and 9 

SADP, the fine precipitates in Fig. 1a were identified to be the coherent β''-Mg5Si6 precipitates 10 

[20-22]. Increasing the temperature to 300 °C resulted in coarsening of the precipitates, which 11 

reached 10 ± 3.5 nm in width and 400 ± 77 nm in length (Fig. 1b) with faint reflections in the 12 

corresponding SADP (see the inset in Fig. 1b) due to their precipitation on {200}Al planes, 13 

suggesting the transformation to β'-Mg1.8Si precipitates [23-25]. When the sample temperature 14 

reached 400 °C, the number density of β' precipitates was significantly reduced and few 15 

equilibrium β-Mg2Si particles were observed (Fig. 1c) showing their diffraction spots in the 16 

relevant SADP  [25, 26], implying the dissolution and transformation of the metastable β' 17 

precipitates. Evidently, the supersaturated solid solution enriched with Mg and Si after 18 

solidification was decomposed during heating to form metastable MgSi precipitates [24]. 19 

Meanwhile, the TEM observations did not reveal any Zr-bearing dispersoids at this stage.  20 

 21 

 22 
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 4 

Figure 1 Bright-field TEM images showing the precipitation of β'' and β' in the H-Si alloy during 5 

heating ramp to 400 °C quenched at (a) 200 °C, (b) 300 °C, and (c) 400 °C.  6 

 7 
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When the samples were isothermally held at 400 °C, fine dispersoids with spherical 1 

morphology were precipitated. Figure 2a-d shows the dark-field TEM images of the dispersoids 2 

after holding at 400°C for different durations. After 2 h, a few tiny dispersoids (few nm) were 3 

observed as shown in Fig. 2a. Based on their spherical morphology and the corresponding SADP 4 

(Fig. 2e), these dispersoids were identified as L12-Al3Zr dispersoids [27]. Further isothermal 5 

holding at 400 °C for 5 h resulted in a significant increase in the number density of L12-Al3Zr 6 

dispersoids (Fig. 2b). Interestingly, these dispersoids exhibited a preferred orientation along 7 

<001>Al, which was the same orientation as that of the previous β'-Mg1.8Si precipitates (Fig. 1b). 8 

With further holding to 12 h, a considerably increased number of Al3Zr dispersoids precipitated 9 

and grew, as shown in Fig. 2c. The preferred precipitation direction of the dispersoids along 10 

<001>Al was still observed, indicating that the majority of Al3Zr dispersoids nucleated and grew 11 

on the previous β'-Mg1.8Si sites. In addition, the nucleation of L12 dispersoids and β' precipitates 12 

on the same {100}Al habit plane is evidenced by comparing the corresponding diffraction patterns 13 

in Fig. 2e and f, respectively. As the isothermal holding was prolonged to 48 h, the preferred 14 

orientation became less apparent owing to the precipitation of numerous dispersoids (Fig. 2d), 15 

which would be explained hereafter.   16 

 17 

 18 

 19 

 20 

 21 

 22 
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 1 

Figure 2 Dark-field TEM images of H-Si samples isothermally held at 400 °C for (a) 2 h, (b) 5 h, 2 

(c) 12 h, and (d) 48 h at 400 °C, showing the precipitation of L12-Al3Zr dispersoids and diffraction 3 

patterns of (e) L12-Al3Zr and (f) β'-Mg1.8Si. 4 

 5 

Figure 3 shows a bright-field TEM image of the L-Si alloy quenched at 300 °C and dark-field 6 

TEM images after isothermal holding at 400 °C for 5 and 48 h. The L-Si alloy contained 0.39 wt.% 7 



8 
 

Si and a Mg/Si ratio of ~1. Compared with the H-Si alloy (Figs. 1 and 2), the L-Si alloy exhibited 1 

markedly less precipitation of both MgSi precipitates and Al3Zr dispersoids. The low Mg and Si 2 

levels in the L-Si alloy resulted in a less supersaturated solid solution, which consequently reduced 3 

the amount of β'-Mg1.8Si precipitates as shown in Fig. 3a. Similar to the H-Si alloy, spherical L12-4 

Al3Zr dispersoids were preferentially precipitated along <001> Al after holding for 5 and 48 h at 5 

400 °C, which was the same preferred orientation of the previous β' precipitates. The lower number 6 

density of L12-Al3Zr dispersoids in the L-Si alloy relative to that of the H-Si alloy (Fig. 3b and c 7 

vs. Fig. 2b and d) appeared to be proportional to the number density of the β' precipitates. 8 

 9 

 10 
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 1 

Figure 3  a) Bright-field TEM image showing the precipitation of β'-Mg1.8Si in the L-Si alloy 2 

quenched at 300 °C and the dark-field TEM images of L12-Al3Zr precipitation after isothermal 3 

holding at 400 °C for (b) 5 h and (c) 48 h. 4 

 5 

The above results suggest that the pre-existing β'-Mg1.8Si precipitates that form and 6 

subsequently dissolve during heating ramp to the precipitation temperature of the L12-Al3Zr 7 

dispersoids (~400 °C) provide favorable nucleation sites of L12-Al3Zr in both L-Si and H-Si alloys. 8 
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These sites become enriched by Si atoms after the dissolution of β'-Mg1.8Si precipitates.  Zhen et 1 

al. [28] observed higher Si concentration at the sites of dissolved β'- Mg1.8Si precipitates compared 2 

to that in the surrounding aluminum matrix, resulting in local Si-enriched sites. In the present 3 

study, such sites promoted the nucleation of Al3Zr dispersoids during isothermal holding. Owing 4 

to the strong attractive energy between Si and vacancies, Si-vacancy clusters can form and serve 5 

as nucleation sites for Al3Zr dispersoids as previously reported [13, 29, 30]. Several studies 6 

reported the significant effect of Si on the precipitation kinetics of trialuminides in general and 7 

that of Al3Zr in particular [14, 29, 31]. Another possible scenario for the favorable precipitation of 8 

L12-Al3Zr dispersoids at the sites of the dissolved β'-Mg1.8Si precipitates is that Zr atoms might be 9 

dragged by the Al/β' interfaces as observed in several studies in the case of θ'-Al2Cu precipitates 10 

[32-34]. As a result, the high concentration of Zr atoms at these interfaces provides the driving 11 

force for the precipitation of L12-Al3Zr at the sites of the dissolved β' precipitates. Notably, 12 

precipitation of L12 dispersoids was not observed on the equilibrium β-Mg2Si particles when these 13 

dispersoids started to precipitate.   14 

The precipitation of L12-Al3Zr dispersoids can also vary with the supersaturation of Zr solutes 15 

across the dendrite grain. The level of Zr supersaturation plays an essential role that affects the 16 

activation energy barrier for nucleation and, consequently, the amount of precipitation [9]. Zr 17 

atoms are enriched in the centers of dendrite cells/grains owing to their segregation during 18 

solidification [35]. Figure 4 displays a montage of dark-field TEM images (assembly of several 19 

images) showing the precipitation of Al3Zr dispersoids in the H-Si alloy from the grain boundary 20 

toward the grain interior after holding at 400 °C for 12 h. On the left-hand side, few L12 dispersoids 21 

appeared because of the low Zr supersaturation level near the grain boundaries, taking into 22 

consideration that the partition  coefficient of Zr in Al is greater than unity (k ∼2.5), which enriched 23 
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the Zr in the dendrite centers at the expense of grain boundary areas. The preferred precipitation 1 

direction of L12 dispersoids along <001> Al was evident, coinciding entirely with the orientation of 2 

the previous β' precipitates. Moving toward the grain center, Zr supersaturation increased: 3 

consequently, the number density of Al3Zr dispersoids increased, reaching a maximum in the grain 4 

center (right-hand side). The preferred orientation along <001> Al became less visible compared to 5 

that of the region close to the grain boundary.  6 

 7 

Figure 4 Montage of dark-field TEM micrographs of the H-Si alloy after holding at 400 °C for 12 8 

h, showing the precipitation of Al3Zr dispersoids across the grain. 9 

 10 

The Transformation of L12 to DO22  11 

The transformation of L12 to DO22 dispersoids was often observed during homogenization 12 

or heat treatment at high temperatures [19, 36]. Thus, the H-Si alloy was selected to study the 13 

transformation behavior of the Zr-bearing dispersoids attributed to the higher number density of 14 

dispersoids compared to that of L-Si alloy. Figure 5 shows the TEM images of the dispersoid 15 

evolution in the Hi-Si alloy during the heating ramp from 400 °C to 500 °C–550 °C after holding 16 

at 400 °C for 48 h (heat treatment II in Fig. 1). Compared with the large quantity of L12-Al3Zr 17 

dispersoids observed at 400 °C for 48 h (Fig. 2d), the number density of relatively large L12 18 
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dispersoids was significantly reduced after ramping to 500 °C (Fig. 5a). Meanwhile, some 1 

dispersoids with an elongated morphology and large size appeared among the fine spherical L12 2 

dispersoids (circled in Fig. 5b). Notably, no elongated dispersoids were observed during holding 3 

at 400 °C for 48 h, indicating that such dispersoids were developed during heating to 500 °C. When 4 

the temperature was increased to 550 °C, the quantity of L12 dispersoids was further reduced (Fig. 5 

5c), while more elongated large dispersoids appeared in the aluminum matrix (Fig. 5d). These 6 

elongated dispersoids were identified as the DO22-(Al,Si)3Zr phase by TEM with energy-7 

dispersive X-ray spectroscopy (EDS) and the corresponding SADP [36]. The DO22-(Al,Si)3Zr 8 

dispersoid possesses a tetragonal crystal structure and is mainly precipitated at high temperatures 9 

in 6xxx alloys [17, 37, 38]. The coarse DO22 dispersoids also appeared to align along <001> Al, 10 

suggesting that their appearance was closely related to the pre-existing L12 dispersoids (Fig. 5d). 11 
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 1 

 2 
Figure 5 The evolution of Zr-bearing dispersoids after holding at 400 °C for 48 h and subsequent 3 

heating to (a,b) 500 °C and (c,d) 550 °C. 4 

 5 

Figure 6 shows bright-field TEM images of the dispersoid transformation from spherical Ll2 6 

dispersoids into elongated DO22 dispersoids, as well as the TEM-EDS line scans of Si and Zr 7 

distribution. The samples were heated from 400 °C to 550 °C after holding at 400 °C for 48 h. 8 

First, the spherical L12 dispersoids coarsened (Fig. 6a) via the Ostwald ripening mechanism by the 9 
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dissolution of surrounding smaller L12 dispersoids [2]. At this stage, the distribution of Si through 1 

the particle showed a negligible change relative to that in the matrix. Subsequently, the spherical 2 

L12 dispersoids developed an ellipsoidal morphology (Fig. 6b) with a slight but notable increase 3 

in Si and a considerable increase in Zr, indicating that a transition stage between the spherical L12 4 

and the elongated DO22 dispersoids occurred. Eventually, the dispersoids enlarged considerably 5 

and transformed to elongated DO22 particles (Fig. 6c) driven by the diffusion of additional Si into 6 

the particle, as evidenced by the large peak of Si count in the TEM-EDS line scan. Si decreases 7 

the stacking fault energy in L12 dispersoids and consequently lowers the energy barrier for the 8 

transformation of metastable L12 dispersoids to stable DO22 dispersoids [18].    9 

 10 

 11 

   12 

 13 

 14 

 15 

 16 
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 1 

Figure 6 Bright-field TEM images showing the transformation process of Zr-bearing dispersoids 2 

after holding at 400 °C for 48 h and then heating to 550 °C, and the corresponding TEM-EDS line 3 

scans of Si and Zr distribution across typical dispersoids (arrowed): (a) spherical, (b) ellipsoidal, 4 

and (c) elongated dispersoids.   5 

A thorough TEM examination revealed the details of the transformation sequence from 6 

spherical L12 dispersoids to elongated DO22 dispersoids, as shown in Fig. 7. Structural faults 7 

developed inside the coarse spherical dispersoids (Fig. 7a). These faults were characterized by 8 

sharp lines of dark contrast parallel to <001> Al in the middle of the dispersoids. Similar faults that 9 

were attributed to the anti-phase boundary (APB) generated by the transition to an imperfect 10 



16 
 

tetragonal DO23 were reported by other studies [39]. Therefore, these faults represent the early 1 

stages of the transformation of L12 to the DO22 structure. Subsequently, several APBs developed 2 

in the particles exhibited preferential growth along <001>Al, resulting in an ellipsoidal morphology 3 

with a long axis along the anti-phase boundaries, as shown in Fig. 7b and its insert. Eventually, 4 

the coarsening and growth of the ellipsoidal dispersoids resulted in a complete transformation to 5 

elongated DO22 dispersoids (Fig. 7c). With multiplying APBs in the particle and further growth, 6 

the preferential growth direction of the elongated dispersoids could deviate from the <001>Al, as 7 

shown in Figs. 5(d) and 7(c). 8 

 9 

Figure 7 Dark-field TEM images showing the transformation sequence of spherical L12 to 10 

elongated DO22 dispersoids: (a) developing the anti-phase boundary (APB) in L12 particles, (b) 11 

growth with an ellipsoidal morphology and several APBs, and (c) transforming to elongated DO22 12 

particles with multiplying APBs. 13 

Precipitation of dispersoids during one-step treatment 14 

Figure 8 shows the precipitation of both L12 and DO22 dispersoids after ramp heating directly 15 

from room temperature to 500 °C–550 °C with and without holding for 5 h (heat treatment III, 16 

one-step heat treatment in Fig. 10). The dark-field TEM images were inserted in each 17 

corresponding bright-field TEM image to better show the L12 dispersoids. During heating to 500 18 
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°C (Fig. 8a), nanosized L12-Al3Zr dispersoids (indicated by white arrows) precipitated mainly 1 

along <001> Al. In addition, a limited quantity of small DO22 dispersoids (indicated by black 2 

arrows) was observed. After holding at 500 °C for 5 h (Fig. 8b), L12 dispersoids underwent 3 

coarsening (white arrow), resulting in a significant reduction of the number density, while some 4 

DO22 dispersoids grew (black arrow). At this intermediate temperature, L12 and DO22 dispersoids 5 

co-existed. Meanwhile, the increase in temperature from 500 °C to 550 °C (Fig. 8c) also resulted 6 

in a reduction of L12 dispersoids, accompanied by their transformation to the elongated DO22 7 

dispersoids, which exhibited the same orientation as the pre-existing L12 dispersoids. A dispersoid-8 

free zone around the aligned D022 dispersoids was observed, suggesting the dissolution of 9 

surrounding L12 particles during the transformation and growth of D022 dispersoids. Subsequently, 10 

the transformed DO22 dispersoids coarsened after holding at 550 °C for 5 h (Fig. 8d), accompanied 11 

by the complete dissolution of the spherical L12-Al3Zr dispersoids. The DO22 dispersoids were 12 

mostly transformed from pre-existing L12-type dispersoids rather than nucleated directly from the 13 

supersaturated aluminum solid solution; this mechanism was demonstrated by the alignment of 14 

DO22 dispersoids along <001> Al, which coincided with the orientation of the L12 dispersoids 15 

formed earlier. In addition, the coarsening of the DO22 dispersoids occurred by the dissolution of 16 

the nearby pre-existing L12 dispersoids, which were less thermodynamically stable at elevated 17 

temperatures than DO22.  18 
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 1 

Figure 8  The evolution of Zr-bearing dispersoids after direct heating from room temperature to 2 

(a) 500 °C  and (c) 550 °C, and after holding (b) at 500 °C for 5 h and (d) at 550 °C for 5 h. 3 

Figure 9 presents a schematic illustration of the nucleation and transformation mechanisms 4 

for Zr-bearing dispersoids during heat treatment for both L-Si and H-Si alloys. In the early stage 5 

of the heating ramp (200 °C), a large number of tiny metastable β'' precipitates formed with a 6 

needle-shaped morphology. Two possible mechanisms may control the nucleation of L12-Al3Zr 7 

dispersoids with increasing the temperature. In the first mechanism, the β'' precipitates grew and 8 

transformed to β' precipitates with a lath-like morphology (Fig. 9a.1) which subsequently dissolved 9 
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leaving Si-enriched sites (Fig. 9b.1). This promotes the formation of Si-vacancy clusters, which 1 

provides favorable nucleation sites for L12-Al3Zr dispersoids after holding at 400 °C (Fig. 9c). 2 

Alternatively, the other mechanism suggests that Zr atoms might be dragged by Al/β' interfaces at 3 

300 °C (Fig. 9a.2). With increasing the temperature to 400 ⁰C, the β' precipitates dissolved leaving 4 

areas with high concentrations of Zr atoms (Fig. 9b.2), which provides a favorable nucleation 5 

condition for the precipitation of L12-Al3Zr in these areas during holding at 400 °C (Fig. 9c). 6 

With further extension of the holding time at 400 °C, more Al3Zr dispersoids precipitated 7 

and grew, resulting in a random distribution of dispersoids (Fig. 9d). At a relatively low heat 8 

treatment temperature, the L12-Al3Zr dispersoids predominated in the aluminum matrix, and no 9 

transformation of dispersoids occurred. When the temperature was increased to 550 °C, the L12 10 

dispersoids became unstable and started to coarsen via the Ostwald ripening mechanism, while the 11 

coarse dispersoids began to transform to the elongated DO22-(Al,Si)3Zr that exhibited the same 12 

orientation as the pre-existing L12 dispersoids (Fig. 9e). Finally, with increased holding time at a 13 

high temperature, all of the remaining L12 dispersoids completely transformed to DO22 dispersoids 14 

(Fig. 9f). Evidently, DO22 dispersoids were mostly transformed from pre-existing L12-type 15 

dispersoids rather than precipitated directly from the aluminum matrix.  16 
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 1 

Figure 9 Schematic illustration of the nucleation and transformation of Zr-bearing dispersoids in 2 

Al-Mg-Si 6xxx alloys. 3 

Conclusions 4 

(1)  At the early stages of nucleation at 400 °C, spherical L12-Al3Zr dispersoids were precipitated 5 

along <001>Al, coinciding with the orientation of β'-Mg1.8Si phase that precipitated and 6 

subsequently dissolved during heating. Two nucleation mechanisms were proposed to explain 7 

the preferable precipitation of L12-Al3Zr dispersoids at the sites of the dissolved β' 8 

precipitates.  9 
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(2)  With prolonging of the holding time at 400 °C, a significant increase in the number density of 1 

L12 dispersoids was observed. At this relatively low heat treatment temperature, the spherical 2 

L12-Al3Zr dispersoids predominated in the aluminum matrix, and no transformation occurred.  3 

(3) With increasing heat treatment temperature, spherical L12-Al3Zr dispersoids started to 4 

transform to elongated DO22-(Al,Si)3Zr. The transformation of L12 dispersoids was initiated 5 

by the introduction and multiplication of anti-phase boundaries. Preferential growth along 6 

<001>Al initially resulted small ellipsoidal dispersoids that gradually grew, attaining complete 7 

transformation to elongated DO22 dispersoids. 8 

 (4) At a high temperature (~550 °C), the elongated DO22-(Al,Si)3Zr dispersoids, which were 9 

formed by the transformation of pre-existing L12 dispersoids rather than by direct precipitation 10 

from the supersaturated solid solution, were the dominant Zr-bearing phase in the 11 

microstructure.  12 

Experimental procedure 13 

Two Al-Mg-Si 6xxx model alloys containing 0.15 % Zr and with two levels of Si and Mg, 14 

designated as H-Si and L-Si alloys, were used in this study. The H-Si contains 0.99% Si, 0.89% 15 

Mg, 0.18% Fe and 0.14% Ti, while the L-Si alloy has 0.39% Si, 0.35% Mg, 0.16% Fe and 0.13% 16 

Ti (all alloy compositions are given in wt.%, analyzed by the optical emission spectrometer). The 17 

Mg/Si atomic ratio in both alloys was designed to be close to 1, which is preferred in Al-Mg-Si 18 

extrusion alloys to promote artificial aging response. The alloys were prepared using pure Al 19 

(99.7%) and Mg (99.8%) as well as Al-50% Si, Al-25% Fe, Al-5% Ti-1% B and Al-15% Zr master 20 

alloys. The materials were melted in an electrical resistance furnace and cast into a permanent steel 21 

mould preheated to 250 °C to obtain rectangular cast ingots with dimensions of 30 × 40 × 80 mm. 22 

Samples from cast ingots were subjected to different heat treatment (homogenization) procedures 23 
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involving the interrupted quench in water to room temperature at different temperatures and times, 1 

as shown in Fig. 10. Regarding the nucleation of L12-Al3Zr dispersoids, a series of samples were 2 

heated from room temperature to 400 °C at a low heating rate of 50 °C/h and isothermally held for 3 

different times. This relatively low temperature was chosen to promote the sole precipitation of 4 

L12-Al3Zr dispersoids (heat treatment I). As a second step (after 400 °C for 48 h), some of these 5 

samples were further heated up to 550 °C at a high heating rate of 150 °C/h to study the 6 

stability/transformation of the pre-existing L12-Al3Zr dispersoids (heat treatment II). The high 7 

heating rate was used to minimize the possible further precipitation of L12-Al3Zr dispersoids 8 

during heating. In addition, some samples were directly heated from room temperature to 500 °C 9 

and 550 °C at a high heating rate of 150°C/h (heat treatment III) for comparison with heat treatment 10 

II. 11 

A transmission electron microscopy (TEM, JEM-2100) equipped with an energy-dispersive X-12 

ray spectroscopy (EDS) operated at 200 kV was used to observe the Zr-bearing dispersoids. The 13 

quenched samples were first mechanically ground to approximately 40–60 μm, and then 14 

electropolished using a twin-jet electropolisher operated at 15 V and -20 ⁰C with 30 vol.% nitric 15 

acid and 70 vol.% methanol. The dark-field mode of TEM was primarily used for the observation 16 

of Ll2-Al3Zr dispersoids using L12 superlattice reflection of precipitates along <001> zone axis. 17 

For DO22-(Al,Si)3Zr dispersoid observation, the bright-field mode of TEM near <001> zone axis 18 

of the aluminum matrix was used.  19 
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 1 

Figure 10 Different heat treatment procedures and interrupted water quench. 2 
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